Although inherited mitochondrial genetic variation can cause human disease, no validated methods exist for control of confounding due to mitochondrial population stratification (PS). We sought to identify a reliable method for PS assessment in mitochondrial medical genetics. We analyzed mitochondrial SNP data from 1513 European American individuals concomitantly genotyped with the use of a previously validated panel of 144 mitochondrial markers as well as the Affymetrix 6.0 (n ¼ 432), Illumina 610-Quad (n ¼ 458), or Illumina 660 (n ¼ 623) platforms. Additional analyses were performed in 938 participants in the Human Genome Diversity Panel (HGDP) (Illumina 650). We compared the following methods for controlling for PS: haplogroup-stratified analyses, mitochondrial principal-component analysis (PCA), and combined autosomal-mitochondrial PCA. We computed mitochondrial genomic inflation factors (mtGIFs) and test statistics for simulated case-control and continuous phenotypes (10,000 simulations each) with varying degrees of correlation with mitochondrial ancestry. Results were then compared across adjustment methods. We also calculated power for discovery of true associations under each method, using a simulation approach. Mitochondrial PCA recapitulated haplogroup information, but haplogroup-stratified analyses were inferior to mitochondrial PCA in controlling for PS. Correlation between nuclear and mitochondrial principal components (PCs) was very limited. Adjustment for nuclear PCs had no effect on mitochondrial analysis of simulated phenotypes. Mitochondrial PCA performed with the use of data from commercially available genome-wide arrays correlated strongly with PCA performed with the use of an exhaustive mitochondrial marker panel. Finally, we demonstrate, through simulation, no loss in power for detection of true associations with the use of mitochondrial PCA.
Introduction
Sequence variants within the mitochondrial genome have been extensively investigated for association with medical conditions, [1] [2] [3] given the central role of mitochondria in energy metabolism and cell survival. [4] [5] [6] Population stratification (PS), the phenomenon by which variation in minor allele frequency (MAF) due to ancestry influences association with medical phenotypes of interest, is a common confounder in genetic-association studies. 7 Although several tools have been developed to adjust for genetic ancestry in autosomal GWAS, 8 the efficiency and effectiveness of different PS adjustment methods for mitochondrial genetic-association studies have not been empirically evaluated.
Adequate control for PS is crucial for mitochondrial medical genetics, given the large influence of ancestry and genealogy on the MAF of mitochondrial variants. In fact, all common variants in the mitochondrial genome possess some degree of information on genetic ancestry. 9 Prior studies have focused on specific ancestral mitochondrial haplogroups to limit confounding due to population structure. 10 This approach restricts generalizability of results to individuals carrying the analyzed haplogroup, thereby limiting its applicability to the field of common disease genetics. Other approaches have relied on casecontrol matching for geographic origin. 6, 11 This method capitalizes on an assumed association between mitochondrial haplogroups and geography within continents. However, neither of these methods has ever been tested against any alternatives, particularly with respect to efficiency (retention of statistical power after adjustment) and effectiveness (reduction in proportion of false-positive results generated after adjustment). We sought to evaluate the effectiveness and efficiency of different methods of PS assessment in mitochondrial medical genetics by using both autosomal (from commercial GWAS platforms) and mitochondrial (from comprehensive genotyping) genome-wide data provided by investigators within the International Stroke Genetics Consortium (ISGC). We compared the utility of mitochondrial principal-component analysis (PCA) with haplogroup-based adjustment in association tests of mitochondrial variants. Furthermore, given the correlation between autosomal population structure and geography, 12, 13 we hypothesized that genome-wide autosomal data might assist in adjustment for mitochondrial PS. We therefore evaluated effectiveness and efficiency of combined mitochondrial-autosomal PCA (compared to mitochondrial PCA only) in adjusting for confounding due to mitochondrial PS. Finally, we investigated whether consistent PCA results could be obtained with the use of comprehensive mitochondrial genotyping or mitochondrial variants captured by commercially available GWAS platforms.
Subjects and Methods

Samples
Samples were contributed by the Massachusetts General Hospital Ischemic Stroke GWAS (MGH-AIS), 14 by the Massachusetts General Hospital Intracerebral Hemorrhage Stroke GWAS (MGH-ICH), 15 and by investigators participating in the Ischemic Stroke Genetics Study (ISGS) 16 and the Siblings With Ischemic
Stroke Study (SWISS). 17 MGH-AIS GWAS samples were genotyped on the Affymetrix 6.0 platform (n ¼ 432), MGH-ICH samples (n ¼ 458) on the Illumina 610-Quad platform, and ISGS-SWISS samples (n ¼ 623) on the Illumina 660 platform. All institutional review boards of participating institutions approved the aforementioned studies, and all participants gave written informed consent for participation. In order to compare results from our US cohorts with those from European and non-European individuals, we analyzed individuals genotyped as part of the Human Genome Diversity Panel (HGDP) and obtained from publicly available resources. 18, 19 The HGDP comprises 938 unrelated individuals successfully genotyped (call rate > 98.5%) on Illumina HumanHap650K Beadchips, representing 51 population groups in every continent but Antarctica. 20 Detailed information on participating studies and populations is presented in Table 1 .
Comprehensive Genotyping of Mitochondrial Common Variants
Mitochondrial common variants were genotyped according to a published protocol. 2 In brief, we identified all 144 variants with frequency > 1% in Europeans from > 900 publicly available European mtDNA sequences and selected 64 tagging SNPs that efficiently capture all common variation (except the hypervariable D-loop). Genotyping was performed on the Sequenom platform (San Diego, CA, USA). Imputation was performed for identification of the pre-HV, H1, H2, J, K, T, U, WX, and I haplogroups in all samples in accordance with previously published methods. 21 In brief, a total of 1074 complete sequences from the ten most common European haplogroups (H, I, J, K, M, T, U, V, W, and X) were downloaded from mtDB. From these sequences, the genotypes at tagging-SNP loci were determined and used as predictors in a linear discriminant function analysis in the R v 2.10.0 statistical package. The accuracy of haplogroup prediction was determined via a bootstrap crossvalidation approach. For each of 1000 replicates, a bootstrap sample of sequences was chosen to form the prediction model, and the unsampled sequences had their haplogroups predicted. The prediction accuracy was then determined simply as the proportions of sequences whose haplogroups were correctly predicted. In line with previously reported results, 21 95% of all crossvalidation replicates had a prediction accuracy of > 98.5%.
Population-Structure Assessment
We performed PCA separately (methods detailed below) on mitochondrial and autosomal SNP data to determine genetic ancestry and to compare information on population structures between the autosomal and mitochondrial genomes. [22] [23] [24] We extracted the first ten principal components (PCs) for both mitochondrial and autosomal data and assessed all possible correlations by computing Spearman's correlation coefficients. We also evaluated the relationship between haplogroups (as determined by exhaustive mitochondrial SNP data) and population structure. Specifically, correlation coefficients (Spearman) were calculated for correlations between haplogroup assignments and PCs (both autosomal and mitochondrial).
Autosomal Genome PCA
For both Illumina and Affymetrix genome-wide data sets, nuclear genomic population structure was assessed by the performance of PCA with the use of the EIGENSTRAT program in the EIGENSOFT v 3.0 software package. 23, 24 Analyses were performed separately via the multidimensional scaling (MDS) procedure implemented in PLINK v 1.07. 25 Results from separate analyses performed with these two software tools were then compared and found to be highly correlated (correlation coefficient > 0.99). Nuclear PCAs were performed on a subset of all SNPs selected with the use of the following criteria: percentage of missing genotypes < 0. 26 as well as all mitochondrial SNPs. We assigned genotype-determined ancestry by performing PCA on study subjects and reference populations from HapMap Phase 3 data: CEU (European-ancestry residents of UT, USA), TSI (Tuscans in Italy), MEX (Mexicans in Los Angeles, CA, USA), CHD (Chinese in Denver, CO, USA), and ASW (African Americans and individuals from Southwestern USA). As a measure of controlling for PS, only individuals clustering with CEU and/or TSI populations were considered to be of European ancestry. Clustering-inferred genetic ancestry was compared with haplogroup-determined ancestry. We subsequently reclustered European-ancestry individuals by using the same criteria and procedures and compared results with those of mitochondrial PCA.
Mitochondrial Genome PCA
We assessed mitochondrial population structure by performing PCA on all SNPs genotyped to capture mitochondrial common genetic variation, after applying filters for genotype missingness < 0.10 and MAF > 0.01. We performed sensitivity analyses to identify possible confounding effects of LD on ancestry determination, but we found that different LD-pruning criteria did not alter PCA results significantly (all PC correlations across different sensitivity analyses > 0.95, p < 0.0001). Furthermore, we observed that mitochondrial PCs (mtPCs) returned for PCA performed with the use of the 64 tagging SNPs and the full panel of 144 SNPs were highly concordant (all PC correlations > 0.99, p < 0.0001). The effect of each SNP on PCA was evaluated by removing it from the list of markers determining genetic ancestry and comparing analyses using this modified adjustment with the full SNP-panel PC-adjusted analysis. We observed no differences when comparing these different analytical procedures for all mitochondrial SNPs (all correlation coefficients > 0.99, all p values < 0.0001).
Controlling for Confounding Due to PS
We compared three different methods for mitochondrial PS control: haplogroup-based stratified analysis, mitochondrial PCA, and combined autosomal-mitochondrial PCA. To do so, we generated 10,000 iterations of both case-control and quantitative trait locus (QTL) phenotypes. These phenotypes were generated to simulate the null hypothesis (i.e., no association with any mitochondrial variant) and to display varying degrees of correlation with mtPC1, with the following Spearman correlation coefficients: 0.00, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60.
For phenotype simulation, available samples within each data set were grouped into deciles on the basis of their mtPC1 values. In case-control simulation, an unsupervised algorithm randomly generated ten increasing probability values (p 1 -p 10 ), ranging from 0.0 to 1.0, and assigned them to individuals in each mtPC1 decile group. Each individual was then assigned a random probability value, p rand , ranging from 0.0 to 1.0 and based on random number generation. Individuals in mtPC1 decile i (with i ranging from 1 to 10) with p rand > p i were defined as cases, and the remaining individuals were defined as controls. Simulated phenotypes that were generated by this algorithm and met the required correlation criteria with mtPC1 (tolerance: 5 2.5%), were retained for in silico association testing, and the remainder were discarded. For QTL phenotypes, the unsupervised algorithm identified for each individual u, such that: 4 ¼ r,mtPC1 þ ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 À r 2 p ,u, in which 4 is the desired QTL phenotype value and r is the desired Spearman's correlation coefficient. As for case-control simulations, phenotypes that met correlation criteria with mtPC1 (tolerance: 5 2.5%) were retained for in silico association testing.
Quality-control checks were performed for the elimination of simulated phenotypes that (1) were perfect duplicates (casecontrol status or QTL values identical for all subjects) of previously generated phenotypes; (2) did not achieve a case:control ratio of 1.0 5 0.05 (for case-control simulations); 3) displayed nonnormal distributions, as identified by p < 0.05 for the Shapiro-Wilk normality test (for QTL phenotypes); and (4) displayed significant associations with any mitochondrial variant. For this qualitycontrol filter, significant associations were defined as those returning p values beating the Bonferroni multiple-testing correction for 144 independent tests, i.e., p < 0.00035. Additional analyses removing phenotypes at a more lenient threshold imposed by counting only tagging SNPs as independent tests (p < 0.0008) did not alter results (data not shown).
We also performed sensitivity analyses by generating similarly stratified phenotypes, both case-control and QTL, according to mtPCs 2-10 and to haplogroup assignment and compared results. Phenotype generation for mtPCs 2-10 was identical to methods described above. For haplogroups, an unsupervised algorithm randomly generated case-control (random sampling from binomial distribution) or QTL (random normally distributed variable generation) phenotypes. For all generated phenotypes, logistic or linear regression was performed, with age, sex, and haplogroup assignment (multilevel categorical covariate) as predictors. Phenotypes displaying association with one or more haplogroups at p < 0.05 and passing previously described quality-control checks were retained for analysis. Both autosomal PCs and mtPCs were entered as covariates in logistic-or linear-regression models for PS. We entered additional PCs until no further reduction of the empirical estimate of the mtGIF (see below) could be achieved. Autosomal PCs and mtPCs were entered separately in the combined PCA method analyses, and their impact on mtGIF was assessed independently. Haplogroup-based PS control was achieved with the use of three different analytical strategies: (1) regression analyses were performed within strata defined by each haplogroup, with the use of either the Cochran-Mantel-Haenszel test (case-control) or the combination of results from a Z-score-based (Liptak-Stouffer) method (QTL); (2) haplogroup assignment was introduced in regression analyses as a categorical multilevel covariate, with the average effect across all categories assumed as reference for computation of effect sizes; (3) regression analyses were performed within each haplogroup and combined with the use of a random-effects inverse-variance-weighted metaanalysis (DerSimonian-Laird method). Heterogeneity metrics 27 were computed for the assessment of uniformity of effect sizes comparing haplogroups: specifically, we computed the heterogeneity Q statistic (and associated p value) and I 2 , i.e., the proportion of effect size attributable to between-study heterogeneity. We defined significant heterogeneity as p < 0.10 (because of the underpowered nature of the Cochrane heterogeneity test) and I 2 > 0.20.
27
Effectiveness of PS control was assessed by computing mitochondrial genomic inflation factors (mtGIFs) for all analyses. As for the GIF in GWAS, 28 the mtGIF was computed by dividing the median observed test statistic (as returned by association testing with the use of different PS-adjustment methods) by the expected test statistic under the null. The mtGIF was computed for each simulation, and values from each analytical scenario were grouped, thus yielding an empirical estimate and 95% confidence interval of mitochondrial genomic inflation. MtGIF distributions for different adjustment methods were compared with the use of an ANOVA (followed by Tukey's post hoc test) or the WilcoxonMann-Whitney test, as appropriate.
Comparison of Mitochondrial PCA Derived from Commercial Arrays and Comprehensive Genotyping
Using 10,000 simulated stratified case-control and QTL phenotypes exhibiting varying degrees of correlation with mtPC1 (generated via methods described above), we performed mitochondrial PCA, using comprehensive genotyping data as well as mitochondrial SNP data derived from Affymetrix 6.0 or Illumina 610-Quad for the same subjects. Mitochondrial PCA on array data was performed with the use of identical quality-control filters and procedures as those described above. SNPs available for mitochondrial PCA for each tested platform are listed in Tables S1 and S2 , available online. We also used previously described methods to assign haplogroups to individuals, using commercial array data. All major European haplogroups (H, JT, UK) could be assigned on the basis of available SNPs, as could major African (L, L1, L2, L3) and Asian (A, D) haplogroups. After adjustment for mitochondrial PCA results, we then compared test statistics and mtGIF between comprehensive genotyping and Affymetrix 6.0 (MGH-AIS), as well as between comprehensive genotyping and Illumina 610-Quad (MGH-ICH and ISGS-SWISS). We also measured correlation coefficients between these two sets of results to examine the consistency of PCA adjustment between the two platforms.
Statistical Power
To compare the efficiency of different mitochondrial PS tools on statistical power for discovery of true association, we performed simulations according to a previously published and validated method for power calculation of mitochondrial common variants. 21 In brief, we generated case-control and QTL phenotypes displaying association with each of the 144 SNPs in the total combined data set obtained by merging MGH-AIS, MGH-ICH, and ISGS-SWISS studies (n ¼ 1513). We performed 10,000 simulations for each SNP, separately assessing case-control and QTL phenotypes. This yielded a total of 2,880,000 simulations (10,000 3 144 SNPs 3 2 analytical scenarios). For case-control simulations, power was calculated for a SNP-conferred relative risk of 1.2, 1.5, and 2.0 at a sample size of 500, 1000, 1500, and 3000 case-control pairs. For QTL analyses, we estimated power for discovery of a SNP-related effect explaining 0.25%, 0.5%, and 1% of the total trait variance for sample sizes of 500, 1000, 1500, and 3000 samples.
In the case-control setting, the control pool was generated by random selection of samples with replacement from the 1513 individuals in order to achieve the desired sample size. For the case pool, MAF at the causal SNP was determined on the basis of genetic relative risk (GRR). Assuming that the disease under study is rare, GRR at a mitochondrial locus can be expressed as GRR z (p cases (1 À p controls )) / (p controls (1 À p cases )), in which p controls is the allele frequency in controls and p cases is the frequency in cases. With the use of the calculated MAF in cases, the number of individuals with each allele at the causal SNP is determined with the use of a random draw from a binomial distribution. The case sample is then generated by sampling with replacement from the subset of individuals with the relevant allele at the causal SNP in order to achieve the previously determined number of samples with each allele.
The power to detect a locus affecting a quantitative trait was examined by randomly drawing a sample of individuals with replacement. A quantitative trait was then simulated by calculating the required effect at the causal SNP through rearranging the formula s a 2 ¼ p(1 À p)a 2 , in which s a 2 is the genetic variance explained by the causal SNP, p is the allele frequency at that SNP, and a is the effect of the SNP in phenotypic standard-deviation units. Genetic variance explained by mitochondrial variants represents half the value of an autosomal locus with the same additive effect and MAF, due to the haploid nature of the mitochondria. Because the samples are considered to be unrelated, the remaining phenotypic variance was simulated as random normal deviations. The effect of each SNP was tested with the use of logistic regression in the case-control setting and linear regression for QTL traits. All analyses were adjusted for age and sex. Significance was determined at the 0.05 experiment-wide level, defined with the use of a threshold obtained with 10,000 simulation replicates under the null hypothesis. We also calculated the noncentrality parameter for all tests; i.e., the difference in the mean of the distribution of the Àlog 10 of the minimum p value across all SNPs under the alternative and null hypotheses. Statistical power for discovery of simulated association was then compared across different adjustment methods, both at the single-SNP level and the whole-mitochondrial-panel level, with the use of an ANOVA and Tukey's post-hoc test (where appropriate).
Mitochondrial Stroke Genetics
To confirm the utility of an efficient and effective method for PS control in mitochondrial medical genetics, we analyzed data collected as part of the MGH-AIS (660 cases and 749 controls of European American ancestry). All participants were recruited at a single institution in the USA (MGH, Boston, MA) with the use of previously described enrollment and exclusion criteria. 14 Clinical diagnosis of ischemic stroke (supported by neuroimaging at admission) was the defining criterion for case-control assignment. Results surpassing the mitochondrial genome-wide threshold for significance (p < 0.05 after Bonferroni adjustment for 144 independent tests) were further investigated in the ISGS-SWISS data set, comprising 602 cases and 444 controls enrolled in a multicenter genetic study of ischemic stroke, with identical enrollment procedures followed. 16 Statistical power for replication was computed with the use of previously described methods assuming a ¼ 0.05 and effect size and MAF observed in the discovery analysis. All samples were genotyped with the use of the exhaustive panel mentioned in the ''Comprehensive Genotyping of Mitochondrial Common Variants'' section. 2 A subset of enrolled individuals in each study were also genotyped on genome-wide arrays (Affymetrix 6.0 for MGH-AIS or Illumina 610 Quad for ISGS-SWISS) and have been used in all previous analyses. We computed mtGIF and test-statistic concordance for unadjusted analysis, haplogroup-adjusted analysis, and mitochondrial PCA as described above. For haplogroup-adjusted analyses, results are reported only for the approach returning the lowest mtGIF of the three tested (see above).
Results
PCA of Autosomal and Mitochondrial Genomes
We first examined the information on population structure yielded by the mitochondrial genome and compared it with that reflected in the autosomal genome. Ancestry information in the mitochondrial genome was extracted in two ways: traditional halplogroup assignments and PCA. We hypothesized that PCA could be applied to the mitochondrial genome as well and could provide a reliable, easily applicable method for dissection of mitochondrial ancestry, in a manner similar to its application in recent GWAS.
Haplogroup assignment and ancestry assignment according to PCA of the autosomal genome did not consistently correlate. As expected from prior studies of PCA analyses for the nuclear genome in European American populations, 22 PCA of the mitochondrial genome recapitulated the population structure reflected in haplogroup assignment ( Figures 3A and 3B) , with haplogroup-identical individuals clustering together in a plot of PC1 and PC2. Subclades of the same haplogroup (e.g., H1 and H2) also clustered in the same region of the MDS plot, as did haplogroups descended from a common precursor (e.g., J and T, or K, U, WX, and I). Plotting the third PC from the mitochondrial PCA ( Figures 3C and 3D ) further resolved and separated these tightly clustered haplogroups.
Following up on qualitative exploration of the relationship between mtPCs and haplogroups via visual inspection of PCA output, we sought to quantify the correlation between PCs and haplogroups. Our analyses uncovered that all ten extracted mtPCs derived were associated with haplogroup assignment (median correlation coefficient: 0.87, range: 0.62-0.93, all p values < 0.001).
Limited Correlation between Mitochondrial and Autosomal PCAs
We assessed associations between mitochondrial and autosomal population structure in individuals of European ancestry by correlating nuclear PCs and mtPCs from the two analyses. Given the strong association between autosomal population structure and geography, both within and across continents, 12, 18 we were interested in identi- (Figure 4 ). Given the known correlation between autosomal PCs and geographical origin in European and European American populations, 12, 22 we hypothesized that only limited correlation exists between mitochondrial population structure and geographical genetic ancestry (i.e., geographical origin of ancestors within Europe) in our European American cohort. Non-US European populations have not experienced the same degree of admixture as that of North American ones. Similarly, ethnic groups within other continents might have experienced lower admixture than European-ancestry US populations. A stronger relationship between autosomal and mitochondrial population structure might therefore be present, based on a similar correlation with geography. In order to test this hypothesis, we performed a similar analysis on autosomal and mitochondrial SNP data from participants in the HGDP, separately correlating autosomal and mitochondrial PCs for individuals enrolled within each continent. Correlation factors between autosomal and mtPCs 1-5 were in fact higher in HGDP populations (correlation coefficient range: À0.38 to 0.26, Figure 4 ).
Simulation of Mitochondrial Stratified Phenotypes
To quantify the effect of PS on mitochondrial geneticassociation analyses, we generated simulated case-control and QTL phenotypes at different levels of association with mtPC1 (10,000 iterations for each analysis). We then computed mtGIFs without any adjustment for population structure. We observed a wide range of mtGIFs for case-control simulated phenotypes, from 1.2 (95% confidence interval [CI]: 1.0-1.3) for uncorrelated phenotypes to 2.8 (95% CI: 2.7 -3.0) for strongly correlated phenotypes (correlation coefficient: 0.60). MtGIF for QTL phenotypes ranged from an average of 1.1 (95% CI: 0.99-1.25) for nonstratified phenotypes to 2.6 (95% CI: 2.5-2.8) for phenotypes strongly correlated with PC1 (correlation coefficient: 0.60). Observed mtGIF distributions for case-control and QTL simulations under different parameters are presented in Figure S1 .
Controlling for PS in Mitochondrial Medical Genetics
On the basis of our analysis of mitochondrial population structure, we next hypothesized that haplogroup information would be crucial in controlling for confounding due to PS for association studies of common mitochondrial variants. We therefore evaluated the performance of haplogroup-stratified analyses in minimizing genomic inflation. Having observed that mitochondrial PCA recapitulates haplogroup information, we also assessed performance of PCA in PS control. We first simulated 10,000 case-control phenotypes stratified according to varying degrees of association with mtPC1. Logistic-regression analyses of each phenotype (adjusted for age and gender) were performed separately, both adjusting by haplogroups (using all three procedures detailed in Subjects and Methods) and after introduction of mtPCs. Mitochondrial PCA was more effective than haplogroup stratification in controlling mtGIF for analysis of casecontrol and QTL phenotypes that are confounded by mitochondrial PS. We observed significantly (p ¼ 0.001) smaller mtGIF values for PCA-adjusted analyses (median: 1.00, 95% CI: 0.99-1.02) in comparison with haplogroup-adjusted results (median: 1.8, 95% CI: 1.4-2.0) in MGH-AIS. We obtained similar results in MGH-ICH (PCA mtGIF: median 1.01, 95%CI: 1.00-1.02; haplogroup mtGIF: median 1.6, 95% CI: 1.45-1.82; comparison p ¼ 0.0021) and ISGS-SWISS (PCA mtGIF-median: 1.00, 95%CI: 1.00-1.01; haplogroup mtGIF-median: 1.55, 95% CI: 1.30-1.64; comparison p ¼ 0.002). A significant degree of metaanalysis heterogeneity between haplogroups was identified when the haplogroup-stratification method was used: the median heterogeneity p value across all three data sets was 0.01 (95% CI: 0.008-0.02), and the median I 2 (between-study heterogeneity in effect sizes; I 2 > 20% represents a significant degree of heterogeneity) was 0.32 (95% CI: 0.17-0.48). Additional analyses using haplogroup-based strata or haplogroup assignment as a categorical covariate also showed significantly higher mtGIFs (data not shown). A similar analysis was carried out on 10,000 simulated QTL phenotypes, again exhibiting varying degrees of In order to determine why haplogroup-based adjustment for PS of simulated phenotypes stratified according to haplogroup assignment yielded such inflated mtGIF distributions, we tested the heterogeneity of the effect sizes across haplogroups. Between-haplogroup effect-size heterogeneity was elevated in both case-control (median We also assessed the effect of incorporating autosomal PCs along with mtPCs when analyzing simulated phenotypes associated with mtPC1. Comparing test statistics obtained from analysis including and excluding autosomal PCs 1-5, we observed a high degree of correlation for both case-control and QTL simulations (mean correlation coefficient 0.99, 95% CI: 0.98-0.99), with no significant difference in mtGIF (p ¼ 0.41). Even in the HGDP data sets, despite the higher correlation between mitochondrial and autosomal PCs, the autosomal population structure information did not alter test statistics (mean correlation coefficient: 0.99, 95% CI: 0.97-0.99) or modify mtGIF distribution (median mtGIF for mitochondrial PCA: 1.00, 95% CI: 0.98-1.02; median mtGIF for combined mitochondrial-autosomal PCA: 1.00, 95% CI: 0.98-1.01; 
Autosomal PS Does Not Impact Mitochondrial Association Testing
In order to assess the effect of autosomal PS on mitochondrial association testing, we generated 10,000 simulated stratified case-control phenotypes displaying varying degrees of correlation with autosomal PC1. We subsequently examined the effect of this confounding variable on mitochondrial association testing. To this end, we analyzed mitochondrial common variants both before and after adjustment for autosomal PCs 1-5. Both analyses used logistic-regression models adjusted for gender and age.
Test statistics were compared across all 10,000 analyses and found to be highly correlated in MGH-AIS (median correlation coefficient: 0.98, empirical 95% CI: 0.97-0.99), MGH-ICH (median correlation coefficient: 0.99, empirical 95% CI: 0.98-0.99), and ISGS-SWISS (median correlation coefficient: 0.99, empirical 95% CI: 0.98-0.99). We separately assessed the difference in mtGIF values before and after adjustment for autosomal PCs. There was little evidence of mitochondrial genomic inflation (MGH-AIS-median mtGIF: 1.08, 95% CI: 1.05-1.11; MGH-ICH-median mtGIF: 1.03, 95% CI: 1.00-1.05; ISGS-SWISS-median mtGIF: 1.06, 95% CI: 1.02-1.08), and no difference was present after adjustment for autosomal PCs (p ¼ 0.38). Generating simulated phenotypes stratified according to nuclear PCs 2-10 yielded similar results (data not shown).
We then performed a similar analysis using 10,000 simulated QTL continuous phenotypes, stratified on the basis of varying degrees of correlation with autosomal PC1. These phenotypes were analyzed with the use of a linear-regression model (adjusted for age and sex), both before and after adjustment for autosomal PCs 1-5. Mitochondrial association analysis of the QTL phenotypes confounded by autosomal PS was again not dependent on adjustment for nuclear PCA. Concordance for the two analyses across all three data sets was high (median correlation coefficient: 0.94, 95% empirical CI: 0.92-0.96) across all levels of phenotype stratification. Distribution of mtGIFs did not reflect significant inflation in all data sets (MGH-AIS-median mtGIF: 1.08, 95% CI: 1.04-1.10; MGH-ICH-median mtGIF: 1.06, 95% CI: 1.03-1.08; ISGS-SWISS-median mtGIF: 1.06, 95% CI: 1.04-1.10), and mtGIF distribution was not altered by the introduction of autosomal PCs (p ¼ 0.72). Generating simulated phenotypes stratified according to nuclear PCs 2-10 yielded similar results (data not shown).
In summary, neither case-control nor QTL phenotypes exhibiting autosomal PS were affected by nuclear PCA adjustment in mitochondrial association testing. Even more important, analysis of these autosomally stratified phenotypes showed little evidence of mitochondrial genomic inflation, thereby consistent with a lack of influence of autosomal genetic structure on mitochondrial association testing.
Comparison of Array-Based and Comprehensive
Genotyping for Mitochondrial PCA Because mitochondrial PCA was most efficient in controlling mitochondrial PS in the prior analysis, we next set out to determine the sensitivity of mitochondrial PS adjustment using data derived from different genotyping platforms. We compared mtGIFs and test statistics for case-control and QTL analyses of simulated phenotypes stratified according to varying degrees of correlation with mtPC1. For this analysis, we compared results after introduction of mtPCs 1-5, obtained from PCA performed on either commercially available genome-wide arrays (Affymetrix 6.0 and Illumina 610 Quad) or custom exhaustive mitochondrial genotyping data.
We observed good correlation between these two methods for both mtGIFs (correlation coefficient: 0.93, 95% CI: 0.90-0.95, mtGIF range for array-based PCA: 0.99-1.01) and test statistics (correlation coefficient: 0.89, 95% CI: 0.88-0.92). We performed a similar analysis comparing Illumina 610-Quad mitochondrial SNPs from the MGH-ICH and ISGS-SWISS cohorts and comprehensive mitochondrial genotyping from these cohorts. We again observed a good correlation between both mtGIFs (correlation coefficient: 0.90, 95% CI: 0.89-0.91, mtGIF range for array-based PCA: 1.00-1.02) and test statistics (correlation coefficient: 0.87, 95% CI: 0.84-0.90).
Regardless of platform, correlation coefficients were not associated with increasing degrees of mitochondrial phenotype stratification; i.e., correlation between phenotype and mtPC1 (p ¼ 0.43). When directly the two genome-wide platforms were directly compared (Affymetrix 6.0 and Illumina 610 Quad), there was no discernible difference in their ability to control for mitochondrial PS using the mitochondrial SNPs available on each platform (p ¼ 0.21 for comparison of mtGIF distributions). Mitochondrial SNPs captured by commercially available genome-wide platforms appear to be adequate for implementation of mitochondrial PCA for control of confounding due to PS.
Statistical Power
Using a previously published 21 simulation-based method, we empirically calculated power for discovery of associations in case-control and QTL analyses using a combined data set obtained from pooling mitochondrial genotype data from MGH-AIS, MGH-ICH, and ISGS-SWISS. Calculations were performed at different effect sizes (case-control: relative risk of 1.2, 1.5, and 2.0; QTL: 2.5%, 0.5%, and 1.0% of total variance explained) and for different sample sizes (case-control: 500, 1000, 1500, and 3000 case-control pairs; QTL: 500, 1000, 1500, and 3000 individuals).
Statistical significance was determined at 5% experimentwide empirical significance, and results for different methods were compared. In the case-control analysis, empirically determined power was not different in a comparison of haplogroupbased or mitochondrial PCA adjustments to the baseline analysis (adjusted only for age and sex): all SNPs had similar power for discovery of associations in a comparison of the three methods (all p values > 0.05), and the average mitochondrial-wide power was also not different among all simulation scenarios (Table 2) .
Similarly, we observed no differences in statistical power for discovery of associations with QTL phenotypes. In comparing to the baseline analysis (adjusted only for age and sex), we observed no differences in power for both the haplogroup-based and the mitochondrial PCA adjustments (all p values for single-SNP analyses > 0.05). The average mitochondrial-wide statistical power for association discovery was also not different (Table 2) .
Mitochondrial Stroke Genetics
To confirm the utility of an efficient and effective method for PS control in mitochondrial medical genetics, we analyzed data collected as part of the MGH-AIS (660 cases and 749 controls of European American ancestry). We observed an mtGIF of 2.46 for the case-control analysis adjusted only for age and sex. Haplogroup-adjusted analyses returned an mtGIF of 2.32, whereas adjustment using PCs 1-5 from mitochondrial PCA returned an mtGIF of 0.99 ( Figure 5 ). There was very limited correlation between test statistics returned by the haplogroup-based adjustment and those returned by the PCA-based adjustment (correlation coefficient: 0.48, p ¼ 0.56). These results highlight the real-world importance of adequate control for PS in mitochondrial association studies, and they confirm the effectiveness of mitochondrial PCA.
Discussion
Our analysis has demonstrated the potential effect of PS on mitochondrial-genetics studies. We have presented a PCAbased method that summarizes haplogroup information and provides robust correction for PS, regardless of the degree of confounding between phenotype and genotype data. Although association analyses comparing haplogroup frequencies between cases and controls can account for confounding due to PS, their ability to identify specific disease-associated variants is limited. Our PCA-based method represents an efficient and effective approach that can identify disease associations for specific SNPs. This PCA-based method appears to be superior to haplogroup-adjusted analyses because it more efficiently controlled inflation of association statistics for mitochondrial variants, as determined by mtGIFs. We have further shown that correction for confounding by PS can be attained without corresponding autosomal PCs and that mitochondrial SNPs encoded on commercial GWAS platforms can provide adequate information for the recapitulation of PCA information obtained from comprehensive genotyping.
Multiple prior studies in mitochondrial medical genetics either have not addressed PS or have limited analysis to specific haplogroups in an attempt to control for it. Our data suggest that a minimal degree of inflation in significance for unadjusted analyses (as measured by the mtGIF) is present even for phenotypes displaying no degree of correlation with mitochondrial population structure. This finding is most likely explained by the presence of several SNPs with widely varying MAFs within each haplogroup. Indeed, prior studies have also identified this phenomenon in unrelated cohorts. 29 These outliers create inflated results based on differential assignment of individuals to haplogroups. Mitochondrial PCA controlled for PS more effectively than haplogroup-based methods in our analyses. Indeed, we were able to eliminate a false-positive association that emerged from an initial analysis using a haplogroupbased approach. This finding supports results from our simulations, which demonstrated high heterogeneity in effect-size estimates across haplogroup-defined strata.
Haplogroup assignment thus appears to offer lower information content for mitochondrial ancestry than does PCA, which leverages linkage disequilibrium to utilize almost all information on common variation contained in the mitochondrial genome.
In our analyses, the addition of information on autosomal population structure (in the form of PCs) did not alter mitochondrial genetic-association tests, and it provided no benefit in controlling for mitochondrial PS. This finding is consistent with our results on limited correlation existing between nuclear and population structure within European American populations, as determined either by haplogroups or by PCs. Even analysis of non-US populations with lower levels of intracontinental admixture are unlikely to be able to rely solely on autosomal PCA (or case-control geographic matching) for control of confounding due to mitochondrial PS. Although we did observe higher correlation between autosomal and mtPCs in HGDP individuals, autosomal PCs did not affect the mitochondrial analysis in this second data set or influence mtGIF distribution.
In the evaluation of widely available methods for mitochondrial genotyping, we compared the efficiency of PCA performed with the use of data from commercially available genome-wide platforms and that performed with the use of comprehensive genotyping data. Although genome-wide arrays do not necessarily capture the entirety of common genetic variation within the mitochondrial genome, we observed good concordance between these two strategies. This should allow merging of results from arrays and comprehensive genotyping with the use of the same PCA-based method for PS control. It should also allow mitochondrial association testing to be performed with the use of GWAS arrays, with a reasonable degree of control for underlying population structure.
Our study has limitations. We used mtGIF to measure the degree of inflation of results for mitochondrial association studies. This metric, given the limited number of SNPs being analyzed, is more sensitive to the influence of outlying association values than to that of the corresponding autosomal inflation factors for which the metric was initially designed. The application of GIF to mitochondrial association testing could be viewed as overly conservative, particularly given the presence of minimal inflation even for uncorrelated phenotypes. However, this phenomenon reflects fundamental characteristics of the mitochondrial genome, such as the uniparental inheritance and lack of recombination, resulting in a generally stronger LD than that found in the autosomal genome. These characteristics explain the association between relatively few markers and population structure arising from wide fluctuations in MAF across different haplogroups. These fluctuations could create spurious associations if not controlled. Another limitation is that the majority of our results were generated with the use of simulated phenotypes. Simulated phenotypes allow the precise control of experimental conditions for varying degrees of stratification using either casecontrol or QTL phenotypes. We were careful to perform 10,000 iterations of each stratified simulation in order to exclude random fluctuations from outlying data points.
We also compared our in silico results to those obtained with clinical data from mitochondrial association studies of stroke, to ensure that our simulation-derived results were consistent with actual medical-genetics data sets. We excluded from analysis the limited number of samples of non-European ancestry in our clinical data sets. Additional studies will be required to evaluate the effectiveness and efficiency of mitochondrial PCA in non-European individuals, as well as to confirm that commercial arrays represent a viable alternative to targeted genotyping for other continental populations.
In summary, we present a PCA-based method for control of confounding due to PS in mitochondrial medicalgenetics studies. This method, while highlighting the importance of haplogroups in determining mitochondrial population structure, is superior to haplogroup-based methods in controlling for confounding by PS. This PCA-based technique does not require autosomal genotype information in order to correctly adjust for mitochondrial population structure, but it is comparably effective if using a genome-wide array or comprehensive genotyping data as input. Future association studies in mitochondrial medical genetics will likely benefit from the application of this method to control for PS.
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